Background
==========

Many analytical methodologies in modern genetics and biochemistry are based on the analysis of complex mixtures of oligonucleotides or oligopeptides, which are resolved as complex patterns of peaks or bands often referred as \"fingerprint type\" patterns. When the analysis is performed at the DNA or RNA level, fingerprint type patterns can be generated by gel or capillary electrophoresis of nucleic acid sequences produced by PCR (Polymerase Chain Reaction) -based techniques, such as Random Amplified Polymorphic DNA (RAPD) \[[@B1]\], Arbitrarily Primed PCR (AP-PCR) \[[@B2]\], Simple Sequence Repeat anchored Polymerase Chain Reaction amplification (SSR-PCR) \[[@B3]\], Differential Display Reverse Transcription (DDRT) PCR \[[@B4]\], AFLP \[[@B5]\], inter-Alu PCR \[[@B6]\]. All these methodologies allow for a screening of several (up to some hundreds) nucleic acid fragments that correspond to different loci, without making any a priori assumption about their exact sequence and genomic localization. The comparative analysis of patterns obtained in different samples reveals its utility in the most disparate fields of biological research: as examples we recall the identification of genes overexpressed in tumors \[[@B5]\], the identification of genetic variability at different levels (individuals, populations, species) \[[@B7]-[@B9]\] and the discovering of genomic loci associated with human longevity \[[@B10]\]. Among DNA fingerprinting techniques, inter-Alu PCR \[[@B6],[@B11],[@B12]\] is of particular interest, being characterized by the highest information level \[[@B13]\]. Alu repeat sequences are ubiquitously distributed in the human genome with more than one million elements \[[@B14]\]. A genomic DNA fragment can be amplified with a single Alu-specific primer when it is flanked by two Alu elements which have opposite orientation and a distance within few kilobases. A PCR reaction conducted with one ore more primers complementary to Alu sequences produces a multitude of anonymous DNA amplification products that can be revealed by electrophoretic separation. A typical inter-Alu pattern often shows inter-individual variability, due to genetic polymorphisms of different types: length variation of intervening sequences, de novo insertion of flanking Alu elements, deletions, translocations, and mutation of priming sites \[[@B13],[@B15],[@B16]\]. In general, this approach can be used for the initial detection of polymorphic loci involved in quantitative, multigenic traits \[[@B10],[@B17]\] or of germline and somatic mutations \[[@B18],[@B19]\] or of genetic alterations in cancer cells \[[@B20]-[@B23]\]. In a previous study \[[@B10]\], we developed a variant of inter-Alu PCR, which uses two different Alu-specific primers labeled with different fluorochromes in the same PCR reaction; the resulting PCR products can be analyzed by capillary electrophoresis and fluorescent detection on a PE/ABI Genetic Analyzer, and reported by the instrument as distinct fluorescence peaks; many of the peaks generated by this method are smaller than 1 Kb and, given that the frequency peaks of Alu elements in the human genome are centered at 0.1 Alu/kb and 1 Alu/kb \[[@B24]\], are likely to be obtained from the regions with highest density of Alu sequences \[[@B10],[@B17]\]. In the inter-Alu PCR analysis, as well as in other fingerprint-type genomic analysis, the comparative evaluation of the analytical samples is usually done \"by eye\" by the operator, with the time-consumption and the possible errors associated with a subjective evaluation. These limitations prevent the application of these technique to large data sets and there is the necessity to develop computer-based analytical approaches, able to automate the comparative analysis of different samples and to provide better reliability and operative efficiency. We have elaborated and tested, in the present work, an algorithm based on the Wavelet Packet Transformation (WPT) aimed to detect fingerprint-type patterns generated by inter-Alu PCR. The WPT is an overcomplete multiscale analysis of the initial signal based on wavelet functions \[[@B25]\]. Starting from a signal of length 2*^N^*the information is distributed on *N*× 2*^N^*coefficients so that it is possible to apply an optimization procedure for classification problems and pattern recognition. In recent years the wavelet analysis has been largely applied to biological data sets, for very different purposes such as microarray data mining \[[@B26],[@B27]\] and analysis of the genomic sequence \[[@B28]-[@B30]\]. In this paper we use the Best Basis algorithm to define different classes of signals. This method has been developed by Coifman and Wickerhauser \[[@B31]\] for the sismic signals classification and successively applied to feature extraction problems by Saito \[[@B32]\] that has proposed the Local Discriminant Basis algorithm. The classification is based on the hypothesis that the relevant signal information is well reproduced by a limited number of wavelet coefficients. To perform the WPT we have chosen the Haar basis that generates the Walsh packets \[[@B33]\]. We have tested the capability of the wavelet analysis to detect sample to sample differences in a fingerprint type pattern produced by the electrophoretic analysis of inter-Alu PCR products. The positions of electrophoretic peaks detected by the genetic analyzer was used to reconstruct the inter-Alu pattern using a standard Gaussian for each peak. We have applied the WPT algorithm to identify some regions in the electrophoretic patterns where a significant difference is detected among the signals obtained from three couples of homozygotic twins. The comparison of the patterns of members of the same couple of twins allowed to filter the intrinsic variability of experimental methodology, whilst those signals which varied only among different twins were possibly correlated to polymorphic loci. The characterization of the detected polymorphic loci requires further specific experiments.

Methods
=======

Whole blood DNA samples were obtained from three pairs of monozygotic twins, following standard procedures. All the subjects gave their informed consent. The recruitment of participants was carried out in compliance with the Helsinki Declaration, and after the approval of the Independent ethical committee of the Bologna Hospital-University was obtained. For each sample, four independent experimental replicates were performed, repeating the experimental procedure (inter-Alu PCR and electrophoresis) four times, in different days, in order to test the experimental variability. Details of inter-Alu PCR and capillary electrophoretic separation have been described in a previous article \[[@B10]\]. Briefly, inter-Alu PCR was conducted using two primers, 5\'-AGCGAGACTCCG-3\' (R12A/267) labeled with the \"Tet\" fluorochrome, and 5\'-CAGAGCGAGACTCT (R14B/264) labeled with the \"Fam\" fluorochrome, using a 9700 thermal cycler (Applied Biosystems). Inter Alu-PCR products were then separated by capillary electrophoresis in a 310 Genetic Analyzer (PE/ABI). Each run was performed using Pop 4 (PE/ABI) denaturing electrophoresis polymer. Before running, 2*μl*of amplified samples were added to 12*μl*of formamide and to 0.8*μl*of a carboxytetramethylrhodamine-labeled internal size standard (Genescan 2500 size standard, supplied by PE/ABI). This program (supplied by PE/ABI) was used to visualize and to export the electrophoretic patterns (see Figure [1](#F1){ref-type="fig"}). The Gene-Scan program provides some relevant information: associated primer, peak position in data point (measure of the instrument), peak height and peak area. Repeated measures of the same sample indicated that the only reproducible entries were the peak position and the peak length (the ratio between area and height).

![**Inter-Alu electrophoretic patterns**. Example of the electrophoretic inter-Alu pattern obtained from 310 Genetic Analyzer (PE/ABI) using the two primers, 5\'-AGCGAGACTCCG-3\' (R12A/267) labeled with the \"TET\" fluorochrome and 5\'-CAGAGCGAGACTCT (R14B/264) labeled with the \"FAM\" fluorochrome: the *x*-axis units are base-pairs whereas the peak amplitude is in arbitrary units. Green peaks represent TET-labeled PCR products, while blue peaks represent FAM-labeled PCR products.](1471-2105-11-593-1){#F1}

We have developed a program that performs the signals reconstruction using a mapping from data point (unit of the instrument) to base pairs.

Noise reduction
---------------

The lengths of inter-Alu PCR products range from 50 bp to 2000 bp (see Figure [1](#F1){ref-type="fig"}); we have chosen to restrict the analysis only to fragments up to 1000 bp interval since longer inter-alu fragments have low resolution in the experiments. Moreover the inter-Alu pattern turns out to be more robust and reproducible within this interval. The signals have been processed using a windowing cut-off, which suppresses the small peaks (approximately less than 10% of the local signal amplitude). The main reason to apply a local windowing cut-off procedure is that the PCR amplification characteristics depend on the DNA fragment length in capillary electrophoresis separation: indeed the original signals show regions with different mean peak amplitude, whose length is of order ≃ 300 bp. Then we choose a typical window of 250 bp width: this turns out to be a good compromise to have enough statistics (number of peaks) and signal regions with homogeneous characteristics for noise reduction. In order to extract the relevant information from the four repeated signals of each sample we adopted a \"union procedure\" based on the assumption that each peak of the filtered signals corresponds to a real inter-Alu sequence. This procedure reduces the experimental variability introduced by the PCR amplification. The union procedure uses a local alignment of the signals with a tolerance of 5 bp for each peak and produces a \"union signal\" using a logical OR function applied to the four signals; the final position of a peak is the average of the peaks positions in the four original signals (see Figure [2](#F2){ref-type="fig"}). The 5 bp tolerance is the result of measurement accuracy in the peak positions and it has been checked with repeated measures on the same samples. The peak position difference between twins in the same couple should be within this precision according to the assumption that they share the same genetic code, whereas we expect a statistical error less than 2 bp in the average peak position. Looking for genetic polymorphisms in the inter-Alu patterns we will use the twin signals to take into account such a variability. Each peak of the inter-Alu pattern is then normalized to a standard Gaussian function with unit amplitude and mean square value equal to 1 bp. Finally the resolution has been artificially increased to 32 points for each bp so that the final signals contain 1024 × 32 points: this choice allows for a \"smooth\" representation of the standard Gaussian peak suitable for the WPT.

![**Repeated signals**. Scheme of the union procedure for the 4 repeated signals; the peak in the union signals are obtained using an \"or\" procedure with an average on the peak position.](1471-2105-11-593-2){#F2}

Results and Discussion
======================

We have applied the WPT to the 6 union signals obtained from the three couples of twins and we have looked for the coefficients that discriminate among a fixed couple of twin and the others. The analysis of sample replicates reduces experimental variability mainly due to unpredictable errors due to the PCR reaction and to the electrophoretic separation. This reproduces the condition which is encountered in the routinary biological use of the inter Alu-PCR and other similar methodologies. In this case the variability between the twins of a given couple, that share the same genomic DNA sequence, can be explained by differences in DNA quality, purity, presence of contaminants and other unpredictable differences generated in the extraction and preparation of DNA samples (which could in principle partially depends from pre-existing biochemical/biological differences between the blood samples). The variability may appear as slightly different peak positions or different amplification degree of inter-Alu sequence that could produce non-detectable signals (peak absence in one twin).

The inter-Alu signals provided by the genetic analyzer discriminate ≃100 inter-Alu segments with a precision of 1 bp in the location. The WPT coefficients *c~ji~*are organized in a matrix *N*× 2*^N^*, whose rows correspond to different scales: i.e. the *j*row is divided into 2*^j^*blocks and each block contains the 2*^N-j^*coefficients that define the wavelet translation along the scaled signal(see \[[@B25]\] for a mathematical presentation of WPT). We define {*c*~1*a*~}*~ji~*and {*c*~1b~}*~ji~*are the WPT coefficients of j level of the multiscale analysis for union signals of the first twin couple (the indexes *a*and *b*distinguish the two individuals). The difference

$$\left| \left\{ {c_{1a} - c_{1b}} \right\}_{ji} \right|$$

measures the variability of the given WPT coefficient for the signals of the first twin couple. A WPT coefficient {*c*~1*a*~}*~ji~*is selected if the variability (1) is significantly less than the variability of the same coefficient computed by comparing the signals of one member of the first couple and any other member of the other two twin couples. Therefore we introduce the following criterium for the selection process

$$\min\limits_{k = 2,3;\, x,y \in {\{{a,b}\}}}\left| \left\{ {c_{1x} - c_{ky}} \right\}_{ji} \right| - \left| \left\{ {c_{1a} - c_{1b}} \right\}_{ji} \right| \geq \delta$$

where {*c~kx~*}*~ji~*denotes the coefficients produced by the union signal of the *x*-twin in the *k*-couple irrespectively of the member of the first twin couple. We recall our a priori assumption that the twins share the same genome and should have the same inter-Alu patterns. Therefore the observed differences are interpreted as the result of unavoidable variability in our experiments. The threshold *δ*has to be normalized with respect to the area of wavelet function support, associated to the coefficient *c~ji~*. Most of the selected coefficients analyze a common region of the original signals at different scale levels and can be ordered into a graph structure which allows to look for the coefficients that perform an optimal classification at the smallest decomposition scale. In Figure [3](#F3){ref-type="fig"} we report an example of this procedure that detects the shortest regions of the signals where the patterns have the significant difference. To detect possible genetic polymorphisms the threshold value *δ*has been chosen equal to 1/3 in peak area unit, that allows to perform a classification between the twins couple based on a few number(≃ 10) of WPT coefficients. We defined \"global classifying regions\" the regions in the inter-Alu pattern that allow to distinguish simultaneously all the 3 couples of twins. These \"global classifying regions\" correspond to inter-Alu pattern regions that show reproducible differences among samples of different twin couples. Such regions may contain a peak in different position or a variable number of peaks, and they may be consequence of genetic polymorphisms in inter-Alu regions.

![**Haar Walsh basis**. The normalized signals are shown together with the Haar-Walsh basis function that provides a maximal classification; the four figures refer to different scale levels in a decreasing order from fig. 1 to 4. On the *x*-axis we report the position in bp of the selected region; in the *y*-axis we report the six signals of the three twin couples (denoted by Cn1, Cn2 and Cn3). The amplitude of the normalized Gaussian peaks is measured along the *z*-axis. The Haar function that performs the signal classification is also drawn. The level 4 allows an optimal classification of the selected region of the first twins couple. The selected region is not a global classifying region since it does not distinguish between the signals of the second and the third twin couples.](1471-2105-11-593-3){#F3}

In order to relate the *δ*value with the effective differences in the inter-Alu patterns, we have to normalize the signals to the area of the support region of the wavelet function associated to the *c~ji~*coefficient. If, in the considered region, the union signals have a single peak, the criterium is satisfied when the peak position of different twin couples is shifted of 2 bp (at least) with respect to the measured difference between the peak position of the same twin couple. On the contrary if we are analyzing regions where several peaks are present, the criterium (2) takes into account the correlation among the peak positions in the signal and it is satisfied when the global difference between the patterns of different twin couples is more than 1/3 of the total signal area plus the experimental variability of the twin signals.

In Figure [4](#F4){ref-type="fig"} we report two examples of global classifying regions of different size in the signals. We have repeated this analysis for the two different primers and the results are reported in Table [1](#T1){ref-type="table"} and Table [2](#T2){ref-type="table"}. Most of the selected regions are narrow (less than 10 bp) with a value ≃1 in the criterium(2). These global classifying regions usually contain one or two variable peaks (see Figure [4](#F4){ref-type="fig"} top), likely originating from a single locus carrying an insertion/deletion or a microsatellite (variable length of a short repeat) polymorphism. On the contrary, the global classifying regions wider than 10 bp (see Table [1](#T1){ref-type="table"}) do often contain more than two variable peaks (see Figure [4](#F4){ref-type="fig"} bottom). In such cases, two or more polymorphic loci are likely to be involved. While this \"correlation\" of different loci in the same global classifying region consists only by the fact that they originate inter-Alu PCR products of similar length, the crowding of many polymorphic peaks at specific length may be not casual, given the non-random genomic distribution of Alu repeats \[[@B17]\] and their non-random reciprocal distance and orientation \[[@B34]\]. Finally, we remark that the global classifying region (393-396) reported in Figure [4](#F4){ref-type="fig"} corresponds to a polymorphic region (QM376-400) analyzed in our previous paper \[[@B10]\] using a different approach, which consists of a length polymorphism due to a dinucleotide microsatellite sequence located in an inter-Alu sequence on chromosome 1. The other possible polymorphisms pointed out by the WPT analysis were previously undetected.

![**Signal Classification**. Examples of global classifying regions. In the top picture the classification procedure based on WPT is applied on the interval 392-400 bp of the inter-Alu pattern. The classification is due to the presence of a single peak at different positions in the signals of the different twin couples Cn1, Cn2, Cn3, whereas it maintains the same position in the signals of a single twin couple. The wavelet function that performs the classification is positive in the interval 392-396 bp and negative in the interval 396-400 bp; therefore the convolution with the Gaussian peaks of the signal is the sum of positive and negative terms. The picture is obtained by multiplying the signals by the classifying wavelet function in order to illustrate the results of the WPT. The WPT coefficient is the sum of the positive and negative peak areas; therefore the WPT coefficient is positive for the couple Cn1, negative for the couple Cn2 and nearly zero for the couple Cn3 and a *K*value ≃1 is obtained in eq. (2). In the bottom picture the classification procedure is applied to a larger interval 120-160 bp. In such a case the WPT classification is due to the presence of a pattern of several peaks that have a significant variability among the signals of the different twin couples.](1471-2105-11-593-4){#F4}

###### 

Global classifying regions obtained using the first marker (Tet fluorochrome)

  Couple 1                   Couple 2                   Couple 3         
  ---------------- --------- ---------------- --------- ---------------- ---------
  **Region(bp)**   ***K***   **Region(bp)**   ***K***   **Region(bp)**   ***K***
                                                                         
  129-160          0.99      129-160          0.98      129-160          1.91
  197-200          0.45      197-200          0.45      197-200          0.57
  289-296          0.41      289-296          0.57      293-296          0.44
  329-336          0.73      329-336          0.69      329-336          0.82
  393-396          0.94      393-400          1.01      397-400          0.95
  529-536          0.82      529-532          0.52      529-532          0.43
  609-612          0.38      609-612          0.44      609-616          0.89
  641-648          0.81      641-656          0.65      641-656          0.76

The first column refers to the bp-length of the selected inter-Alu fragments, whereas the second column gives the corresponding *K*values of the criterium (2) in peak area units that allow the classification. We report results for the 3 twin couples.

###### 

Global classifying regions obtained using the second marker (Fam fluorochrome)

  Couple 1                   Couple 2                   Couple 3         
  ---------------- --------- ---------------- --------- ---------------- ---------
  **Region(bp)**   ***K***   **Region(bp)**   ***K***   **Region(bp)**   ***K***
                                                                         
  65-80            0.71      65-96            0.74      65-96            0.79
  109-128          1.64      113-128          0.62      97-128           1.57
  353-360          1.61      353-384          1.05      353-360          1.14
  465-480          1.45      465-468          0.77      465-468          0.71
  833-896          2.21      849-896          1.70      849-896          2.94

The structure of the table is the same as table 1. At variance with table 1, we observe that the detected regions have a large bp amplitude.

Conclusions
===========

The WPT algorithm based on the Haar-Walsh wavelet allows for a non-supervised pattern classification of inter-ALU signals obtained using a genetic analyzer. We tested the algorithm on inter-Alu PCR patterns of three couples of monozygotic twins. The pattern obtained using this genomic fingerprinting methodology, based on inter-Alu PCR and capillary electrophoresis, is very complex and results in more than 100 peaks. Such a number of inter-Alu amplification products is compatible with the observed distribution of Alu sequences along the human genome, characterized by a great variability from the 10% average Alu density, and by the presence of a limited number of genomic regions having an exceptionally high Alu density \[[@B17]\]. The subjective evaluation of the patterns is hampered by the presence of some non-reproducible peaks that should be excluded from the analysis \[[@B10]\]. The identification of non-reproducible peaks is usually accomplished by comparing different experimental replicates of each sample. However, in our assay we used not only four replicates for each sample, but even DNA samples from monozygotic twins. In this way, we had for each sample a \"super-replicate\" (the DNA from the other member of the twin couple) that allowed for a more reliable identification of those regions of the pattern whose variability was due to unpredictable experimental variations, and not to differences in the genomic DNA. The application of the WPT algorithm detected 13 polymorphic regions of the inter-Alu pattern; one of them corresponded to the previously detected (by \"visual\" analysis) QM376-400 region \[[@B10]\], whereas the others were previously undetected. Albeit a precise comparison of the present method with the results obtained by analyzing the Alu-PCR pattern \"by eye\" (the commonly adopted procedure) is diffcult due to the subjective and operator-dependent nature of this procedure, the present method promises a better sensitivity, given that 13 global classifying regions have been detected in the present work (in three couples of twins) vs. 3 polymorphic regions detected \"by eye\" in a previous study \[[@B10]\] on a larger set of samples. We have to remark that the obtained results have some important limitations. In particular, we are not in condition to give any estimate of the power and false positive rate of the present application of WPT algorithm in the detection of Alu-PCR polymorphisms, since it does not exist any widely-accepted data set that can be used as a standard test case. This would require the cloning, sequencing and characterization of a large number of polymorphic inter-Alu PCR products, with an economic and research effort far beyond the scope of this work. While we are aware that such a limitation can hamper the objective evaluation of the performance of the present software and that this issue deserves to be addressed in future papers, it should be noted that the same limitation is also true for the traditional \"by eye\" approach (ignoring the power and false positive rate of this methodology). On the whole, the advantages of the application of the WPT algorithm with respect to the \"visual\", subjective inspection of electrophoretic patterns can be summarized as follows:

a\) a rapid, computer-assisted detection of variable peaks;

b\) an automated comparison of different replicates of the same sample, and an automatic \"extraction\" of reproducible signals;

c\) a better sensitivity, with the ability to detect an higher number of polymorphic regions.

Moreover we remark that, albeit we developed an algorithm specifically optimized to analyze inter-Alu PCR patterns, the method is theoretically applicable to whatever fingerprint-type pattern obtained analyzing anonymous DNA fragments through capillary electrophoresis, and could be usefully applied on a wide range of fingerprint-type methodologies. It is important to note that, recently, new high-throughput methods based on DNA sequencing \[[@B35]\] and on TIP-chip microarray analysis \[[@B36],[@B37]\] have been presented, aimed to perform a locus by locus detection of Alu mutation/polymorphisms on the whole genome: the first results obtained with these methodologies \[[@B35],[@B37]\] have begun to clarify and to point out the importance of the mutagenesis mediated by Alu sequences and other retrotransposons in human genome variation and in various disease conditions. However, for their inherent complexity and high cost, these high-throughput methodologies are not likely to become (at least in the next few years) a substitute for inter-Alu PCR in all those situations in which limited availability of time or budget could be a constraint (for example, for diagnostic examination of disease states in which the importance of Alu-associated genetic variation has been found). The availability of a computer method capable to speed-up, simplify and standardize the analysis of inter-Alu PCR patterns will be a valuable aid for a routine use of the inter-Alu analysis.

1 Authors\' contributions
=========================

MC performed the inter-Alu PCR on the biological samples and participated in designing the study and drafting the manuscript, MN participated in implementing the WPT algorithm and performed the WPT analysis on the inter-Alu patterns, AB designed the study and participated in implementing the WPT algorithm and drafting the manuscript, CF designed the study and collected the biological samples. All authors read and approved the final manuscript.

Acknowledgements
================

This work was partially supported by the European Union Grants GEHA (LSHM-CT-2004-503270).
